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Abstract 
We investigated the physicochemical surface properties of different highly aligned nitrogen-
doped multi-walled carbon nanotube (N-MWCNT) carpets, synthesized using 
toluene/pyrazine, toluene/benzylamine and acetonitrile via a sublimation-based chemical vapor 
deposition (SCVD) method at 760 °C. The surfaces of the N-MWCNT carpets synthesized 
using toluene/pyrazine and toluene/benzylamine were very hydrophobic. In contrast, we 
observed a complete wetting of the N-MWCNT carpets synthesized using acetonitrile. The 
difference in the wetting behavior of these N-MWCNT carpets is the main focus in this study 
and was not investigated before. Here, we show that not only the presence or concentration of 
nitrogen inside the carbon lattice, but especially it’s kind of incorporation havean important 
influence on the surface polarity. 
1. Introduction 
Due to their extraordinary physical and chemical properties [1-3], pristine MWCNT promise a 
lot of applications such as (bio)sensors, catalyst support or as reinforcement for composite 
materials [4-8] and many others. The doping of such pristine MWCNT like e.g. with nitrogen 
leads to a change of the CNT morphology and properties. Basically, the incorporation of 
nitrogen into the carbon lattice causes structural defects, e.g. such as structural gaps or the 
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presence of 5- or 7-member-rings due to pyridinic-bonded and pyrrolic-bonded nitrogen [9-11], 
which lead to more curvatures in the CNT structure [1]. But nitrogen doping can also lead to a 
straight CNT morphology under specific conditions [9,12-13]. Apart from the morphology 
changing, nitrogen doping leads to an increased electrical conductivity of the CNT, making 
them promising candidates for field emission tips, lithium storage and other nanoelectronic 
devices [14-15]. The doping process is commonly done in situ, which can be easily realized 
using the CVD method [16]. Moreover, nitrogen doping can also change the surface properties 
[17-20], and thus, enhances the dispersibility of CNT in water-based solutions. In general, 
pristine MWCNT exhibit a hydrophobic surface [17]. But when doped with nitrogen, the CNT 
surface has, compared to the undoped ones, more chemically activesites, which facilitate 
electron transfer and enhance a surface polarity of the CNT,and thus, a higher wettability 
[14,17]. This is especially known for MWCNT synthesized using acetonitrile and pyridine, 
which exhibit hydrophilic surfaces and can be easily dispersed in water-based solutions [17-
18]. But it has been also reported that the surfaces of N-MWCNT synthesized using acetonitrile 
can be hydrophobic [21]. Further, a hydrophobic CNT surface can be also obtained when using 
the nitrogen-containing precursor benzylamine [22]. 
A high wettability of MWCNT is generally very important for most applications in research 
and industry. Especially in applications using composite materials, e.g. CNT embedded in 
cement-based matrices to get a higher mechanical stability [8], a high dispersibility in the matrix 
material is needed. It is also favorable in biomedical investigations [23], such as in vitro tests, 
to reliably analyze the toxicological properties of individual MWCNT and not of MWCNT 
agglomerates. 
Until to now, only undoped and a few nitrogen-doped MWCNT, as carpets or made of 
buckypapers [17, 24], were analyzed in regard of their surface properties. But detailed 
explanations regarding the differences in the surface properties between different N-MWCNT 
are still missing. 
In our work we synthesized highly aligned N-MWCNT carpets using different nitrogen-
containing precursors – pyrazine, benzylamine and acetonitrile – at 760 °C via the SCVD 
method and investigated their surface properties using dynamic water contact angle and X-ray 
photoelectron spectroscopy (XPS) measurements. Additionally, density-functional-theory 
(DFT) calculations of the electrical potential of the tube surfaces were carried out using the 
Vienna ab initio simulation package (VASP) to support the experimental results. We show that 
the surface properties strongly depend on the kind of nitrogen incorporation into the CNT 
structure rather than on the nitrogen concentration. Moreover, we emphasize the role of the 
constitution and decomposition of different nitrogen-containing precursors, which influence the 
nitrogen incorporation and concentration. 
2. Experimental details 
2.1 Synthesis of N-MWCNT 
The N-MWCNT were synthesized using the SCVD method and a setup described previously 
[25]. We used ferrocene (purity ≥ 99.5 %, Alfa Aesar, CAS: 102-54-5) as the iron catalyst 
precursor, toluene (VWR Chemicals, CAS 108-88-3) as the pure C-precursor and pyrazine 
(purity ≥ 99.0 %, Merck KGaA, CAS: 290-37-9), benzylamine (purity ≥ 99.0 %, Merck KGaA, 
CAS: 100-46-9) as well as acetonitrile (purity ≥ 99.5 %, Merck KGaA, CAS: 75-05-8) as the 
nitrogen-containing precursors. Thereby pyrazine and benzylamine (each of them 30 wt.-%) 
were dissolved in toluene. To obtain the same carpet heights, the N-MWCNT were synthesized 
for different time periods. The reaction time was 20 min for toluene/pyrazine, 40 min for 
toluene/benzylamine and 15 min for acetonitrile. The reaction temperature was set to 760 °C. 
During the synthesis the N-MWCNT were deposited on Si/SiO2 substrates (1 cm x 1 cm). The 
primary ferrocene amount was 1.9 g for each synthesis. 
2.2 Characterization 
The N-MWCNT carpets were analyzed using scanning electron microscopy (SEM; NanoSEM 
200, 10 kV, FEI). Transmission electron microscopy (TEM; Tecnai T20, 200 kV, FEI) was 
used to characterize the MWCNT morphology. Atomic force microscopy (AFM, Dimension 
3100, Fa. Veeco) in non-contact mode was used to analyze the surface roughness of the 
different N-MWCNT carpets. Dynamic water contact angle measurements were done using an 
OCA 35L (Dataphysics, Filderstadt). Ultrapure water (LV = 72.5m J/m2) was used as the 
measuring liquid. Advancing and receding contact angles were directly determined on the as-
synthesized N-MWCNT carpets. Therefore a liquid drop was increased up to 30 µl with a rate 
of 0.25 µl/s and withdrawn with the same speed. Three samples from each respective N-
MWCNT type were measured. The contact angles were calculated using the tangent method of 
5th order. It should be noted that the evaluation of the wettability of the different N-MWCNT 
was done more qualitatively because of their varying carpet heights and surface roughnesses 
which could affect the spreading behavior of the water drops. To analyze the concentration and 
the bond states of nitrogen and oxygen, XPS measurements were carried out (PHI 5600-Cl, 
Physical Electronics, 1486.6 eV, Al Kα radiation (350 W), 29 eV pass energy). DFT calculations 
were done using VASP 5.4.4. We simulated the charge densities of three different CNT models, 
all based on a triple-walled carbon nanotube (TWCNT) (5,0)@(14,0)@(23,0) with an infinite 
length, without affecting surrounding tubes. The structure was generated using VESTA 
(Visualization for Electronic and Structural Analysis, [26]) and contains 252 carbon atoms. To 
simulate doping with nitrogen, we added either 4 N2 molecules or 6 N2 molecules intercalated 
between the tube walls of the undoped system.This resulted in doping levels of 0.0 at.-% N, 3.0 
at.-% N or 4.5 at.-% N for the calculated tubes. For the calculations of the charge densities of 
undoped and nitrogen-doped tubes, PBE (Perdew-Burke-Ernzerhof) pseudopotentials and a 
gamma-centered 5x5x5 monckhorstk-point set were used. The cutoff energy was set at 400 eV. 
To calculate the adsorption energy of water located close to surfaces of undoped and various 
N-doped TWCNT models, a water molecule was located with a distance of ~ 3.3 Å to the tube 
surface to avoid an overlap of the electron density between the TWCNT and the water molecule. 
3. Results and discussion 
3.1 Surface roughness of  N-MWCNT carpets 
Since we expect an influence of the CNT surface roughness on their wettability, we analyzed 
this surface roughness of the N-MWCNT carpets, which were on average about 25 µm high 
(Tab. 1 and Fig. 1 (a-c)) using AFM. But the AFM measurements were unsound and not 
reproducible, since the CNT carpets were not really suitable for this method. Because they 
strongly interacted with the cantilever, leading to stripes in pictures. The resulting surface 
roughnesses are shown in Tab. 1.  
Table 1: Different N-MWCNT carpet heights and their surface roughnesses (Rrms – root-mean-
squared roughness; Ra – arithmetical mean deviation of the assessed profile). 
N-MWCNT type 
synthesized using 
Carpet height 
 [µm] 
Surface roughness [µm] 
         Rrms                    Ra 
Toluene/benzylamine 23.6 ± 3.6 0.412 0.568 
Toluene/pyrazine 25.0 ± 1.9 0.054 0.260 
Acetonitrile 25.0 ± 1.6 0.046 0.270 
 
The N-MWCNT carpet synthesized using toluene/benzylamine show a high surface roughness, 
probably enhanced by a higher amount of amorphous carbon due to the much longer reaction 
time. In contrast, the N-MWCNT carpets synthesized using toluene/pyrazine and acetonitrile 
show less surface roughness, which are similar to each other. From our previous work, it is 
known that the toluene/pyrazine- and acetonitrile-MWCNT show mainly a tubular morphology, 
whereas the benzylamine-MWCNT exhibit a more bamboo-like morphology [25]. The reason 
for this morphology change was also discussed there. The morphology of this previous work is 
comparable with the morphology of the N-MWCNT in this work, synthesized at a slightly 
higher process temperature. Moreover, we suppose that the inner diameter of the tubes increases 
and the wall thickness decreases with increasing nitrogen concentration (Fig. 1, Tab. 2). 
 
Figure 1: a)-c) SEM images of N-MWCNT carpets synthesized using toluene/benzylamine, 
toluene/pyrazine and acetonitrile (from left to right) and d)-f) corresponding TEM images of 
individual N-MWCNT after dispersion via sonication 
The XPS measurement data given in Tab. 2 clearly show that acetonitrile provides the most 
nitrogen for the doping process compared to the other nitrogen-containing precursors, leading 
to the highest nitrogen content in the corresponding N-MWCNT. 
 
Table 2: Atomic concentrations of nitrogen and oxygen indifferent precursors and the 
corresponding CNT product. 
N-containing 
precursor 
N content[at.-%] 
Precursor* 
N content 
[at.-%]    N-
MWCNT 
O content 
[at.-%]                 
N-MWCNT 
Benzylamine 1.88a 0.35 0.61 
Pyrazine 6.00a 2.21 5.02 
Acetonitrile 7.59 3.69 2.02 
* calculated 
a 30 wt.-% in toluene 
 
The differences in the nitrogen content mainly depend on the constitution and the 
decomposition of the nitrogen-containing precursors. Normally, pyrazine itself provides a 
higher nitrogen concentration (20.00 at.-%) compared to acetonitrile, based on the thermal 
decomposition processes. Both, the direct and the decomposition in presence of H2 lead to the 
formation of hydrogen cyanide and hydrocarbon, as seen in Equations 1, 1.1 for pyrazine and 
2, 2.1 for acetonitrile [27-29]. But for our experiments, the pyrazine has to be mixed with 
toluene to generally prepare a reaction solution. Because of this, the initial nitrogen 
concentration was decreased to 6.00 at.-%. 
𝐶4𝐻4𝑁2 → 𝐶2𝐻2 + 2𝐻𝐶𝑁                            (1) 
  𝐶4𝐻4𝑁2 + 𝐻2 → 𝐶2𝐻4 + 2𝐻𝐶𝑁                   (1.1) 
 
   2𝐶𝐻3𝐶𝑁 → 𝐶2𝐻4 + 2𝐻𝐶𝑁                         (2) 
   2𝐶𝐻3𝐶𝑁 + 2𝐻2 → 2𝐶𝐻4 + 2𝐻𝐶𝑁          (2.1)                         
In the case of benzylamine, the very low nitrogen concentration before and after its 
consumption, can be explained by the thermal decomposition process as seen in Equation 3 
[30]. 
𝐶6𝐻5𝐶𝐻2𝑁𝐻2 + 𝐻2 →  𝐶6𝐻5𝐶𝐻3 + 𝑁𝐻3   (3) 
From Equation 3 it is clear that the nitrogen is present in form of ammonia after the thermal 
decomposition of benzylamine. We claim that the nitrogen incorporation during the CNT 
synthesis is easier if nitrogen is directly bonded to carbon like in case of hydrogen cyanide, as 
the decomposition product of pyrazine and acetonitrile. It can be suggested that ammonia is 
more stable than hydrogen cyanide at 760 °C. We assume that this is the main difference in the 
nitrogen content between toluene/benzylamine-MWCNT and toluene/pyrazine- as well as 
acetonitrile-MWCNT. Furthermore, it was discussed in [31] that acetonitrile also decomposes 
into active CH3● and CN● radicals, whereas the CN● radicals are very suitable for nitrogen 
incorporation. The formation of active CN radicals during the thermal decomposition of 
pyrazine is also possible. 
3.2 Surface properties of  N-MWCNT carpets 
The wettability of the respective N-MWCNT carpets was investigated using the dynamic water 
contact angle measurement method.The images of the sessile water drops on the surface of the 
N-MWCNT carpets and the corresponding curves of the advancing and receding contact angles 
are presented in Fig. 2, showing a clear difference in the surface properties between different 
doping levels.No spreading of the water drops on the surfaces of the N-MWCNT carpets 
synthesized using toluene/pyrazine and toluene/benzylamine was observed, because of their 
high advancing contact angles A, ~ 145°-150° and A~ 135°-145°, respectively. Their receding 
contact angles R decreased from ~ 150° to ~ 125° for toluene/pyrazine and from ~ 145° to ~ 
112° for toluene/benzylamine. During the receding, a pinning of the three-phase line and release 
was observed for both N-MWCNT types, as it can be seen in Fig. 2 (b, d). This effect can occur 
on chemically and/or morphologically heterogeneous surfaces, when i.e. additional interactions 
arise locally during the contact time between solid and liquid. Overall, the surfaces of these N-
MWCNT carpets are very hydrophobic. A hydrophobic surface character was expected for the 
N-MWCNT carpets synthesized using toluene/benzylamine due to the very low nitrogen 
content, leading to the same behavior like an undoped sample. In contrast, a complete wetting 
was observed for the N-MWCNT carpets synthesized using acetonitrile. Their advancing 
contact angles A were ~ 45° and the receding contact angle were less than R< 10°, showing 
hydrophilic surfaces (Fig. 2 (e-f)). 
 Figure 2: Images of the water droplets of the dynamic contact angle measurements (a, c, e) and 
their corresponding contact angle data (b, d, f). From top to bottom: toluene/benzylamine, 
toluene/pyrazine, acetonitrile. 
As mentioned before, the surface roughness and also the nitrogen concentration can influence 
the water spreading behavior. However, we could not observe an influence of the surface 
roughness on the wettability of the N-MWCNT carpets. In particular, the surface roughnesses 
of the toluene/pyrazine- and acetonitrile-MWCNT carpets are very similar, as already 
mentioned, leading to different surface properties. There is no influence of the CNT 
morphology on the wettability. Moreover, we suggest that the oxygen concentration in Tab. 2 
has no significant influence on the surface properties. In particular, the N-MWCNT carpets 
synthesized using toluene/pyrazine exhibit a high oxygen content compared to the other N-
MWCNT carpets and show hydrophobic surfaces. 
The different surface properties of the N-MWCNT carpets are likely influenced by the nitrogen 
concentration (Tab. 2) and the kind of its incorporation into the carbon lattice.The bonding 
configuration of carbon and nitrogen was obtained from high-resolution XPS spectra in the C1s 
and N1s regions, both fitted with Gaussian/Lorentzian function, and presented in Fig. 3. 
 
Figure 3: High-resolution XPS spectra in C1s (a, c, e) and N1s regions (b, d, f) of different N-
MWCNT, fitted with Gaussian/Lorentzian function. 
Applying the Gaussian function,we analyzed numerically the overlapping transitions through 
modelling of the line-shapes fitted to the data. The C1s spectra in Fig. 3 (a, c, e) can be 
deconvolved into three individual peaks, representing the sp2-hybridized carbon peak at 284.4 
eV, the sp2-hybridized C-N peak at 285.8 eV and a peak at 290.4 eV resulting from π-π* 
electronic transitions in aromatic rings [17]. From Tab. 3 it can be seen that the acetonitrile-
MWCNT exhibit a slightly higher amount of C-N configurations due to higher nitrogen doping 
compared to toluene/pyrazine-MWCNT. In case of the benzylamine-MWCNT, the 
concentration of the C-N configuration is clearly negligible because of the very low nitrogen 
doping.  
Table 3: Concentrations of bonding configuration in C1s spectra of different N-MWCNT. 
 
N-MWCNT type 
synthesized using 
 Peak area (%)  
sp2 C=C sp2 C-N π-π* 
Toluene/benzylamine 
Toluene/pyrazine 
Acetonitrile 
84.4 
76.0 
74.9 
3.3 
10.4 
11.7 
12.3 
13.6 
13.4 
 
The N1s spectra of the respective N-MWCNT (Fig. 3 (b, d, f)) clearly show different nitrogen 
functionalities and can be deconvolved into three major peaks: the pyridinic nitrogen (NP) at a 
binding energy of 398.3 eV – 398.8 eV, quaternary nitrogen (NQ) at 400.9 eV– 401.5 eV and a 
peak at 404.6 eV – 405.0 eV [17]. In case of the toluene/pyrazine- and acetonitrile-MWCNT, 
the very small peak at 397.0 eV can be assigned to tetrahedral nitrogen bonded to sp3-C. The 
reason for the presence of this peak could be an undecomposed N-H bond [1]. The nature of 
the peakat ~405.0 eV was often discussed in the literature. Choi and Park [32] suggested that 
the existence of this peak depends on a high photon energy of 1265 eV, leading to a higher 
photoelectron escape depth. They defined this peak as gaseous nitrogen, being intercalated 
between the CNT shells in the vicinity of an internal cavity of the CNT. In contrast, this peak 
can also be identified as chemisorbed –NOx species, like a nitro group –NO2 or in form of 
nitrogen oxides of pyridinic nitrogen [33-36]. For the proof of nitrogen oxides, we measured 
the N1s and O1s spectra of freshly synthesized N-MWCNT carpets, which were exposed to air 
for 1 h. We again obtained the peak at around 405.0 eV, but no clear traces of oxygen (~0.1 at.-
%, as shown in supplementary data). As the oxygen concentration is too low, it is unlikely that 
the oxygen is bonded to nitrogen, but rather to carbon. So we can clearly conclude, this peak is 
related to molecular nitrogen (N2) in the CNT core or intercalated between the tube walls. Some 
of these nitrogen functionalities are known to enhance the polarity of the tube surface. The 
pyridinic nitrogen acts as an electron donor because of their localized electron lone pair and 
exhibits a strong basicity. In contrast, the quaternary nitrogen acts as an electron acceptor due 
to its cationic structure and facilitates electron transfer [15, 17]. Both of them can change the 
local electron density of the tube walls, enhancing the surface polarity. In case of the 
benzylamine-MWCNT, the concentration of the pyridinic and quaternary nitrogen is very low 
(Tab. 4), because of the very low total nitrogen concentration (Tab. 2), which is insufficient to 
increase the polarity of the tube surface. The comparison between the toluene/pyrazine- and 
acetonitrile-MWCNT regarding to the amount of the pyridinic and quaternary nitrogen, does 
not show any significant difference (Tab. 4).  
Table 4: Concentrations of N functionalities in N1s spectra of different N-MWCNT. 
 
N-MWCNT type 
synthesized using 
                                  Peak area (%) 
sp3 C-N NP NQ N2 
Toluene/benzylamine 
Toluene/pyrazine 
Acetonitrile 
0.0 
6.4 
2.0 
26.6 
16.1 
14.4 
54.7 
28.3 
26.2 
18.6 
49.2 
57.4 
 
But from Fig. 2 it is known that the toluene/pyrazine-MWCNT are clearly hydrophobic 
compared to the very hydrophilic acetonitrile-MWCNT. In that case, the polar nitrogen 
functionalities at the surface of the toluene/pyrazine-MWCNT do not lead to an increased 
hydrophilicity. The only significant difference is seen in the intensity of the molecular nitrogen 
at around 405.0 eV, which is clearly higher for acetonitrile-MWCNT compared to 
toluene/pyrazine-MWCNT. As mentioned before, the molecular nitrogen can be intercalated 
between the tube walls, preferentially between the inner tube walls [37]. The probe depth is 
about 5 nm using a photon energy of 1486.6 eV and the total wall thickness of the acetonitrile- 
and toluene/pyrazine-MWCNT is about 15-20 nm and 18-25 nm. In that case, the molecular 
nitrogen intercalated between the inner tube walls cannot be detected. According to the high 
intensity of the molecular nitrogen, we assume that it is more distributed towards outer tube 
walls, without influencing the CNT interlayer distance. The averaged interlayer distances of the 
N-MWCNT and a further proof of the existence of molecular nitrogen using Electron Energy 
Loss Spectroscopy are shown in the supplementary data. 
Even though molecular nitrogen itself is uncharged, its electron density can influence the 
electron density of the delocalized π electron system and the electrical potential. Due to the 
curvature of the CNT shells, each shell exhibits an electron-rich outer surface due to an electron 
density shift [38]. When a nitrogen molecule is intercalated between the tube walls, its electron 
density can cause a larger shift of the π electron density. 
Since we know from XPS measurements that there is no significant difference in the amount of 
polar nitrogen functionalities between toluene/pyrazine- and acetonitrile-MWCNT, we only 
considered the amount of molecular nitrogen for further discussion regarding the different 
surface properties. To investigate a possible influence of intercalated nitrogen molecules on the 
tube polarity, we used TWCNT models with different amounts of molecular nitrogen, 0.0 at.-
% N, 3.0 at.-% N and 4.5 at.-% N, to calculate charge densities using VASP, as shown in Fig. 
4. Due to delocalized electrons, we only considered lower charge densities to analyze a possible 
shift of the electron density.  
 
Figure 4: Isosurfaces of charge densities of a TWCNT model (5,0)@(14,0)@(23,0). a) 
undoped, b) low nitrogen-doped (3.0 at.-%), c) high nitrogen-doped (4.5 at.-%), d)-e) charge 
densities of b) and c) after subtracting the undoped model a) (red: positive charge due to electron 
deficiency, blue: negative charge). 
In Fig. 4 (a) we calculated the entire charge density of an undoped TWCNT model. The outer 
tube surface exhibits a higher electron density compared to the inner tube surface due to the 
curvature, which decreases with increasing tube diameter (decreasing curvature), being in 
agreement with [38]. The intercalation of molecular nitrogen between the tube walls (parallel 
orientation to CNT axis, as in [37]) in Fig. 4 (b-c) clearly induces a shift of the π electron density 
of the tube walls. The electron densities of the outer surface of the (5,0) tube and of the inner 
surface of the (14,0) tube were shifted towards the intercalated nitrogen molecule. This leads 
to an electron deficiency at the outer and inner tube surface. To discuss this electron density 
shift in more detail, the entire charge density of the undoped TWCNT model (Fig. 4, a) was 
subtracted from the charge densities of the nitrogen-doped TWCNT models (Fig. 4(b- c)), 
shown in Fig. 4 (d-e). As expected, the electron density shift towards the nitrogen molecule 
results in a higher electron density surrounding the nitrogen molecule (blue), leaving an electron 
deficiency (red) at the outer surface in case of the (5,0) tube and at the inner surface in case of 
the (14,0) tube. It clearly indicates that the intercalation of molecular nitrogen between the tube 
walls strongly influences the delocalized π electron system. For comparison, the influence of 
pyridinic and quaternary nitrogen on the π electron density of the TWCNT models is shown in 
the supplementary data. 
To support the results of the dynamic contact angle measurements in Fig. 2, the adsorption 
energy of a water molecule located close to the surfaces of different TWCNT models was 
calculated, as shown in Tab. 5. To be adsorb, a negative value of the calculated energies is 
required.  
Table 5: Calculated adsorption energies (Ead
**) of a water molecule located close to different 
surfaces of TWCNT models (distance: ~ 3.3 Å) 
TWCNT surface Adsorption energy [eV] of H2O 
Undoped 0.013 
N-doped (4 N2) 0.004
 
N-doped (6 N2) -0.444 
** 𝐸𝑎𝑑 =  𝐸𝑡𝑜𝑡(𝐶𝑁𝑇 + 𝑤𝑎𝑡𝑒𝑟) − (𝐸𝑡𝑜𝑡(𝐶𝑁𝑇) +  𝐸𝑡𝑜𝑡(𝑤𝑎𝑡𝑒𝑟)) [40] 
The undoped and various N-doped TWCNT models (additional pyridinic and quaternary 
nitrogen) with a water molecule located closed to their surfaces are shown in the supplementary 
data. When looking at the different results of the calculated TWCNT models, only the surface 
of a TWCNT model containing a higher concentration of intercalated molecular nitrogen would 
be able to adsorb the water molecule, fitting very well with the experimental observation. The 
lower amount of molecular nitrogen is not sufficient to adsorb the water molecule on the 
surfaceof the TWCNT model. 
It should be taken into account that we calculated only TWCNT models, applying the results of 
the charge densities to our real N-MWCNT types with some more walls. The use of the 
TWCNT model is sufficient to support the interpretation, that a certain amount of intercalated 
molecular nitrogen is needed to change the surface properties of our synthesized N-MWCNT. 
If we reconsider the different surface properties between the toluene/pyrazine- and acetonitrile-
MWCNT we can assume that the hydrophilicity increases especially with increasing 
intercalated molecular nitrogen. The high concentration of molecular nitrogen inside the 
acetonitrile-MWCNT suggest that these molecules are more distributed towards outer tube 
walls, enhancing a homogeneous hydrophilicity at the outer tube surface. Taking into account 
that the nitrogen molecules are intercalated first between the inner tube walls [37], increasing 
the amount of these molecules causes them to be intercalated between outer tube walls, as the 
space between the walls is limited. In the case of toluene/pyrazine-MWCNT, the much lower 
concentration of molecular nitrogen may indicate an insufficient distribution of these molecules 
towards outer tube walls, leading to a heterogeneous polarity of the outer tube surface. This 
results in a tube surface with a lot of hydrophobic parts and some hydrophilic parts, which is 
insufficient for a complete dispersion in water-based solutions. The influence of one nitrogen 
molecule intercalated between different tube walls is shown in the supplementary data. 
4. Conclusions 
We showed that different N-MWCNT exhibit different surface properties – from hydrophilicity 
to hydrophobicity. Doping with nitrogen does not always increase the surface polarity of the 
tubes. In this work, even a doping level at ~2.2 at.-% N, as in the case for toluene/pyrazine-
MWCNT, did not enhance hydrophilicity of the CNT surface. In contrast, higher doped N-
MWCNT (~3.7 at.-% N) synthesized using acetonitrile exhibit hydrophilic surfaces. We found, 
that especially the type of nitrogen functionality – incorporated in the carbon lattice as 
quaternary and pyridinic nitrogen or intercalated between the tube walls as molecular nitrogen 
– has a stronger influence on the surface properties than the nitrogen concentration. 
Acetonitrile-MWCNT exhibit much more molecular nitrogen intercalated between their tube 
walls than quaternary and pyridinic nitrogen incorporated inside their carbon lattice, compared 
to toluene/pyrazine-MWCNT. The amount of polar nitrogen functionalities is nearly the same 
for both N-MWCNT types. The only significant difference between the hydrophobic 
toluene/pyrazine-MWCNT and the hydrophilic acetonitrile-MWCNT is the concentration of 
molecular nitrogen and not of the polar nitrogen functionalities. With the calculation of the 
charge densities, using appropriate CNT models, we highlighted the strong influence of the 
intercalated molecular nitrogen on the delocalized π electron system of the tubes. Intercalation 
of molecular nitrogen induces a shift of the delocalized π electron density towards the nitrogen 
molecule, leading to an electron deficiency at the outer tube (5,0) and inner tube (14,0) surfaces. 
The additional calculation of the adsorption energy of a water molecule located close to the 
surfaces of undoped and various N-doped TWCNT models reveals that the water molecule is 
only adsorbed on the surface of the TWCNT model containing a higher concentration of 
intercalated molecular nitrogen. Making a CNT surface hydrophilic, the molecular nitrogen has 
to be distributed between the outer tube walls in an appropriate concentration leading to a 
homogeneously polarity of the tube surface. 
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